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The zoonotic pathogen *Campylobacter* is the most commonly reported cause of human bacterial gastroenteritis throughout Europe, including the Nordic countries (Denmark, Finland, Iceland, Norway and Sweden). Since 2008, the reported incidence of *Campylobacter* infections in Europe has increased and is now three times greater than that of salmonellosis^[@CR1]^. Domestic cases of campylobacteriosis are commonly linked to consumption of contaminated food or drink such as poultry, unpasteurized milk and cross-contaminated vegetables^[@CR2]--[@CR4]^. Lately environmental and behavioural factors such as recreational water contact, occupational exposure (e.g. poultry farms and abattoirs) and contact to household pets^[@CR4]--[@CR6]^ have also emerged as important *Campylobacter* transmission routes. Infection rates are highest in children under five and young adults, and in all temperate regions, particularly the Nordic countries, the incidence of disease varies seasonally and tends to peak during the late spring and summer months^[@CR7],[@CR8]^. This peak may represent a combination of fluctuating infection rates in poultry^[@CR9]^ (caused either by a direct impact of temperature on *Campylobacter* growth rates or indirect effects such as changes in contamination sources) and increased human exposure to environmental reservoirs as well as different eating and hygiene patterns during the summer months^[@CR4],[@CR8],[@CR10]^.

Global climate change is predicted to alter temperatures and precipitation across the world with strong direct and indirect impacts on human health^[@CR11],[@CR12]^. Because weather and climate are important determinants of infectious diseases, including food-borne, it is relevant and important to estimate future changes in disease patterns related to climate or environmental changes^[@CR11]^. Many published reports highlight a strong effect of climate changes on important infectious diseases such as malaria, West Nile virus, cholera, and tuberculosis^[@CR13]--[@CR17]^, but---considering their overall contribution to the global disease burden---the impact of climate changes on zoonotic diseases has been less well studied. For instance, it is predicted that climate changes are likely to increase the future incidence of salmonellosis in selected areas^[@CR18]--[@CR20]^, but evidence of a link between climate and *Campylobacter* is conflicting and of varying strength^[@CR21]--[@CR25]^. Generally, it appears that human campylobacteriosis---not considering the seasonal variation---is driven by a complex mixture of climatic drivers where precipitation in particular may be important^[@CR21],[@CR24],[@CR26],[@CR27]^. This is especially highlighted for extreme rainfall^[@CR28]^ which has been linked to large *Campylobacter* outbreaks^[@CR7],[@CR29]--[@CR34]^. Although campylobacteriosis is rarely fatal, the global disease burden---particularly from an economic perspective---is currently high^[@CR35]--[@CR37]^ and, irrespective of climate, predicted to increase in the future^[@CR38],[@CR39]^. This natural increase, reflecting changing populations, exposure patterns and microbiological features such as antimicrobial resistance, combined with climatic changes, can result in a future heavier disease burden and higher costs to societies. Establishing how extreme weather events and climate changes affect campylobacteriosis can form the basis of well-guided early warning systems in vulnerable areas and better targeting of prevention and control measures, potentially reducing the public health and economic impact of *Campylobacter* in these areas.

In this study, we analyse the temporal and spatial relationship between climatic factors and the incidence of *Campylobacter* in the Nordic countries by fitting observed reported disease cases and weather events in a Poisson regression model and applying these relationships to estimate the future incidence of disease associated with projected climate changes.

Results {#Sec2}
=======

Campylobacter and climate at baseline 2000--2015 {#Sec3}
------------------------------------------------

A total of 64,034 reported cases of *Campylobacter* were included in the final database. The average number of cases per municipality during the study period was 154 (median: 0 and maximum: 274). During the baseline period from 2000 to 2015, the average annual number of *Campylobacter* cases per 100,000 persons in the four countries was 42, ranging from 25 in Norway to 60 in Denmark.

For all locations, the average weekly temperature observed during the study period was 4.4 °C (ranging from − 35.5 to 32.8 °C) and the average daily precipitation was 2.2 mm (ranging from 0 to 105 mm). Overall, each municipality experienced a total of 2.4 heat waves and 3.3 heavy precipitation events (excluding snow) during the study period. Fitting the six regression models on the 10% of omitted data showed that the number of *Campylobacter* cases was best predicted using the standard Poisson regression model for both winter and summer periods with a time-lag of 1 week (i.e. using the previous week's climate data to predict the following week's cases of *Campylobacter*). The models predicted 79.7 and 84.5% data records correctly in the winter and summer months, respectively (data not shown). The final models for *Campylobacter* and climate showed that the number of *Campylobacter* cases in any week during the summer increased significantly with increasing temperature, precipitation and number of heavy precipitation events in the previous week (Table [1](#Tab1){ref-type="table"}). Conversely, an increase in the number of heat waves in any week during the summer as well as increases in precipitation during the winter months decreased the number of *Campylobacter* cases reported 1 week later (Table [1](#Tab1){ref-type="table"}).Table 1Models for the relationship between weather and variations in *Campylobacter* cases.VariableCoefficient95% CIpOverall statistics**Summer period model (April--September)**N. obs = 78,842; X^2^ = 24,036; p \< 0.001; R^2^ = 0.51Temperature0.090.09--0.10\< 0.001Precipitation0.300.29--0.32\< 0.001Heat wave− 0.10− 0.15 to − 0.05\< 0.001Heavy precipitation0.790.76--0.82\< 0.001**Winter period model (October--May)**N. obs = 66,648; x^2^ = 18,235; p \< 0.001; R^2^ = 0.33Temperature0.180.17--0.18\< 0.001Precipitation− 0.18− 0.19 to − 0.18\< 0.001Heavy precipitation− 0.05− 0.07 to − 0.03\< 0.001Explanatory variables are related to the outcome with a 1 week time-lag (the weather in 1 week determines the following week's number of cases).

To predict the number of *Campylobacter* cases in 2000--2015, the Poisson models were applied to observed climate data from 2000--2015 (separately for winter and summer months). We used the resulting predictions as the disease baseline. Compared to observed weekly number of cases at municipality level during 2000--2015, these predictions were overall 93.3% accurate (data not shown). We estimated the effects of arbitrary climate changes in our models by varying the different explanatory variables (Table [2](#Tab2){ref-type="table"}). For instance, a 1 mm increase in precipitation (all other variables remaining unchanged) in any municipality in any week during the summer will result in a 38% increase in the number of *Campylobacter* cases in that municipality the following week.Table 2Quantitative translation of weather impact on *Campylobacter* cases in any municipality in the Nordic countries.ScenarioNumber of casesAdditional cases% changeNormal16n.a.n.a.1 °C increase in mean temperature182131 mm increase in precipitation during the summer22638One additional heat wave^a^ in the summer14-2-13One additional heavy precipitation^b^ event in the summer24850The hypothetical situation where one scenario event takes place in any municipality in a given week, and the resulting number of (additional) Campylobacter cases the following week because of this event.^a^Heat wave: three consecutive days with temperatures exceeding 99th percentile of the daily maximum temperature from 2000 to 2015.^b^Heavy precipitation: a day with precipitation exceeding 95th percentile of daily precipitation from 2000 to 2015.

Predicting *Campylobacter* in the future using climate change projections {#Sec4}
-------------------------------------------------------------------------

Our predictions indicate that *Campylobacter* cases in the four Nordic countries combined can increase by 25% by the end of the 2040s and 196% by the end of the 2080s compared to the predicted baseline of 2000--2015 (Fig. [1](#Fig1){ref-type="fig"}). These impacts vary with country and time period with the highest increases predicted in Denmark and Norway during the late part of the time period (Fig. [1](#Fig1){ref-type="fig"}).Figure 1Number of *Campylobacter* cases estimated at baseline and predicted for future scenarios.

Our models also predict a change in the future seasonal distribution of cases. At present, *Campylobacter* cases increase during the spring and summer and almost half of the annual total cases are reported between July and September alone (Fig. [2](#Fig2){ref-type="fig"}). During 2040--2059, this pattern will remain similar although the high seasons extends until November. For the later scenarios, the seasonal variation has become less pronounced with the number of cases increasing from April and remaining higher until November. Here, only 32% of cases will be reported in July--September.Figure 2Seasonal distribution of *Campylobacter* cases observed at baseline and predicted for the future.

Using estimations of future population sizes, we translated the predicted number of cases to incidences (Table [3](#Tab3){ref-type="table"}), showing that the average annual incidence of *Campylobacter* per 100,000 persons is expected to increase from 42 in 2000--2015 to 117 in 2080--2089 (Table [3](#Tab3){ref-type="table"}). These results were displayed at regional or municipality level, showing that, in Denmark, incidences will increase more in western municipalities (Fig. [3](#Fig3){ref-type="fig"}a). In Finland, the central regions are predicted to experience the highest increases in *Campylobacter* (Fig. [3](#Fig3){ref-type="fig"}b), while in Norway, the strongest changes are in central and northern regions (Fig. [3](#Fig3){ref-type="fig"}c). For Sweden, the overall changes are less pronounced but some central and southern regions are still predicted to experience increases in the incidence of *Campylobacter* (Fig. [3](#Fig3){ref-type="fig"}d).Table 3Average annual *Campylobacter* incidence and total number of excess cases observed at baseline and predicted for future decades.Country2000--20152040--20492050--20592060--20692070--20792080--2089IncidenceIncidenceExcess casesIncidenceExcess casesIncidenceExcess casesIncidenceExcess casesIncidenceExcess casesDenmark607294852941035901641,0921701884Finland454519558795711,150941547107876Norway254544658956701,318821635972,216Sweden3141− 15754-9641418931593960Average425114564509778001071,1471171,484Number of cases/100,000 population.Compared to the expected number of cases during the time period.Figure 3Predicted *Campylobacter* incidences in (**a**) Denmark, (**b**) Finland, (**c**) Norway and (**d**) Sweden, 2000--2090.

By subtracting the expected number of cases due to 'natural variation' in 2040--2089 from the climate-modelled number of cases, we calculated the excess number of cases caused by climate changes alone (i.e. how many cases in the future are caused by climate only and not by natural variation in the form of demographic changes, microbiology, diagnostic practices etc.). These results show that climate changes alone can result in an average 145 excess annual cases of *Campylobacter* by 2040--2049 and almost 1,500 by the end of the 2080s in each country per year (Table [3](#Tab3){ref-type="table"}). The effect varies with country, with less pronounced effects particularly in Sweden (Table [3](#Tab3){ref-type="table"}).

Discussion {#Sec5}
==========

Using national surveillance data collected from four Nordic countries, we investigated the relationship between the temporal and geographical distribution of *Campylobacter* and climate factors and, based on these relationships, estimated a future scenario for the likely effect of predicted climate changes on campylobacteriosis.

Our models show that the temporal and geographical distribution of *Campylobacter* in Denmark, Finland, Norway and Sweden can be associated with temperature and precipitation. Specifically, increases in temperature and heavy rainfall may increase the number of *Campylobacter* cases reported the following week. On the other hand, according to our models, heat waves and winter precipitation (i.e. both rain and snowfall) may decrease the number of cases reported. Generally, these results support the theory that transmission via the environment could be important for cases which are not explained by consumption or handling of poultry^[@CR3],[@CR4],[@CR6]^. People in the Nordic countries are weather dependent and spend an increasing amount of time outdoors when weather conditions are suitable, resulting in a higher likelihood of contact to environmental infection sources. At the same time, heavy rainfall can mobilise and distribute bacteria, facilitating transmission from contact to water and mud rather than dry surfaces^[@CR40],[@CR41]^.

Our predicted climate changes were based on projections from the EUR-11 HIRHAM-5 RCM for the RCP8.5 scenario^[@CR42],[@CR43]^. According to these, by the year 2,100, average annual temperatures in the Nordic countries may increase by an average of 4.2 °C, ranging from 3.5 °C in the southernmost parts to 5 °C in northern and central areas. Precipitation is predicted to increase by 25% with only small variations between the countries, and heavy precipitation events can increase by up to 45% across the region. The frequency of heat waves in this region is also affected by climate changes, with an overall 20% increase predicted for most areas (but up to 45% in some parts of Norway).

By incorporating these climate changes into our models, we estimate an overall increase in campylobacteriosis of almost 200% by the end of this century. This translates to nearly 6,000 excess *Campylobacter* cases per year in these four countries which could potentially be linked only to climate changes. Campylobacteriosis is a highly seasonal disease in the Nordic countries, and our models also indicate a future change in the seasonality of transmission. Rather than the current large increase limited to the summer months, the future pattern can show a less pronounced peak during the summer but greater increases earlier in the year, i.e. a prolonged *Campylobacter* season with higher incidences over longer time.

Only few published studies have analysed the association between climate and *Campylobacter* cases---and some with conflicting results. Generally, it appears that *Campylobacter* in chicken flocks fluctuates with temperature and humidity^[@CR9],[@CR44]^ while incidences in humans may be linked to fluctuations in both temperature and rainfall and especially heavy precipitation events^[@CR21],[@CR24],[@CR25],[@CR28],[@CR45]--[@CR48]^. Heat waves have been linked to reduced incidences of *Campylobacter*^[@CR21],[@CR22]^. Projections of future patterns in campylobacteriosis related to climate changes are also few in the published literature, but available results suggest increases of between 3 and 20% by the end of the century in different geographical locations^[@CR21],[@CR46],[@CR49],[@CR50]^. The results from this study of *Campylobacter* in Scandinavia to some extent confirm these findings while also providing further evidence of a climate dependence. The increases predicted as a result of climate changes are higher than from other studies, however this is expected as the methods, data resolution, geographical areas, demographic and climate change projections are all different.

Given the data available, the results presented here should be considered with respect to several limitations. Our models predicted present levels of campylobacteriosis with an overall accuracy of more than 90%. That they are not more accurate most likely reflects underlying variations in data quality, both with respect to disease and climate data, as well as the fact that other unaccounted factors play different roles in different locations. An important limitation is that disease data have been collected using different methods and different definitions in the four countries. Firstly, our database of observed *Campylobacter* cases from 2000 to 2015 included only domestic cases for Norway and Sweden but both domestic and cases of unknown origin from Denmark and Finland. Assuming that some of these unknown cases were in fact acquired abroad, this may have clouded the association between climate and disease patterns. The 'time' variable is also particularly important. The date used for disease data refers to the week in which the sample was taken (Norway and Finland) or in which the sample was received in the diagnostic laboratory (Denmark and Sweden)---and the time-lag between actual symptom onset and these dates is unknown (presumably several days). Therefore, it is difficult to establish a true infection date estimate. Further, the climate data were aggregated from daily to weekly data, which reduces data size but also the likelihood of capturing variations. Spatially, there was a mismatch between the disease data collected at relatively high resolution (down to point-level) and then aggregated to municipality level, and climate data at low resolution (25 × 25 km), which reduced the geographical correlation between disease and climate data and the ability of the models to capture high-resolution variations. This is especially important for extreme weather events, which often occur as well-confined local events. Also, it is likely that for some cases, the exposure leading to infection did not occur at the reported geographical location of each cases. Again, this limitation reduces the chance of catching the association between local weather events which could have affected the risk of exposure. Worth noting is also that we simulated climate changes using outputs from one model and one emission scenario only, limiting the predictions to a single situation rather than a range of different ones. However, this is unlikely to have impacted the general accuracy of the predictions as the both the EUR-11 HIRHAM-5 model and the RCP8.5 scenario are considered robust and often used for similar scientific purposes. Overall, our predictions were made using a relatively simple Poisson model (see Supplementary Methods), and the results should also be considered with reference to these specific modelling constraints. The underlying assumptions for linear and Poisson regressions, particularly the assumption of linearity and equal mean and variance, may not be universally valid in the dataset used (i.e. for different geographical locations). Standard Poisson regression may in this case not be optimal for investigating climate/disease relationships, and more sophisticated dynamic models should also be assessed.

In the context of exploring linkages between climate and disease, it is important to note that many such associations are likely to be indirect. For *Campylobacter* in particular, disease transmission reflects chicken flock infection rates and human behaviour (barbecues, outdoor activities) both of which are also strongly dependent on weather and therefore likely to be altered in a changing climate. In addition, disease incidences are also determined by the structure and function of the socio-economic and public health systems which, given different constraints, may also appear different in the future. In relation to this, our results likely over-estimate the future number of cases as public health systems will adapt to higher incidences by taking stronger measures to reduce the incidence. Finally, because *Campylobacter* is a zoonotic infection, in order to understand disease patterns in the present and future, it is necessary to adopt a One Health approach where evidence and knowledge from the public health, food safety, veterinary and environmental sectors are considered together.

To our knowledge, this is one of the first attempts to describe an association between campylobacteriosis and climate factors using high-quality routinely collected surveillance data and modelling the effect of climate changes on this disease at local and national levels. Overall, the results from our models correlate with published evidence for a *Campylobacter*-climate association. Considering their limitations, the models show that climate changes---particularly increases in rainfall and rainfall intensity---could potentially lead to an increase in the incidence of *Campylobacter* in the Nordic countries. Considering the strong burden of campylobacteriosis across the world, the effects of climate changes on this disease are important to further assess for policy makers to identify potentially vulnerable areas as well as future strategies for public health management and adaptation measures.

Methods {#Sec6}
=======

Denmark, Finland, Norway and Sweden constitute part of the Nordics, a 7-country region in Northern Europe. In 2015, approximately 26 million people inhabited these four countries in a total of 1,121 municipalities. Human *Campylobacter* infection is under statutory surveillance in all four countries where clinicians or laboratories must notify a confirmed case to national public health authorities: Statens Serum Institut in Denmark (through the national microbiology database, MiBa), the National Institute for Health and Welfare in Finland, The Norwegian Institute of Public Health (through the Norwegian Surveillance System for Communicable Diseases, MSIS) and the Public Health Agency of Sweden (in the national surveillance system SmiNet). The laboratory criteria for a *Campylobacter* diagnosis is similar across the countries: isolation of *Campylobacter* spp. by culture from faeces or blood. Since 2013, the Swedish criteria have also included samples positive for *Campylobacter* using direct PCR on stool samples. During the study period, PCR diagnosis was not routinely established in the other countries. Each case notification contains as a minimum the patient's name, age and sex, geographical location (address) and a date corresponding to sample taken/sample analysed/diagnosis/registration. For this study, we used *Campylobacter* infections notified in Denmark, Finland and Sweden from 1st January 2000 until 31st December 2015 and Norway from 1st January 2000 until 31st December 2014^[@CR51]^. For Sweden and Norway, we only included "domestically acquired" infections (i.e. excluded travel acquired infections or infections with unknown origin). For Denmark and Finland, we included both domestic infections and those of unknown origin as the proportion of unknown infections was more than 80%^[@CR51]^ and the exclusion of these would have resulted in a significant loss of data. The disease data were aggregated to total number of cases per week per municipality for the study period.

Baseline climate data from 2000 to 2015 at 0.25° × 0.25° resolution (approximately 25 × 25 km) for all four countries were extracted from the E-OBS daily gridded dataset developed by the European Climate Assessment & Dataset project^[@CR52]^. The climate data were aggregated to municipality level using zonal statistics in a Geographical Information System (GIS). From the daily data, for each municipality, we calculated weekly average temperature, precipitation, number of heat waves and number of heavy precipitation events. Heavy precipitation was defined as a day with precipitation exceeding the 95th percentile of daily precipitation using as baseline the municipal average from 2000--2015 (only days with precipitation \> 1 mm were considered). In order to explore how precipitation patterns and associations varied throughout the year, we calculated precipitation for both 'winter' (October--March) and 'summer' months (April--September). A heat wave was defined as three consecutive days in which the temperature exceeded the 99th percentile of the daily maximum temperature using as baseline the municipal average from 2000 to 2015. The definition of heat waves was applied only for the summer months (April--September).

The final database of disease and climate included per municipality per week and year from 2000 to 2015: number of reported *Campylobacter* cases, precipitation and temperature, the number of heat waves and the number of days with heavy precipitation. A total of 163,997 data records were included in the database, representing 416 municipalities. Of these, a random sample of 10% (16,400 records) were omitted from the initial data analysis and used to validate the predictive fit of the final model.

Future climate change scenarios for the period 2040--2089 for all four countries were projected using bias-corrected^[@CR53]^ outputs from the EUR-11 HIRHAM-5 regional atmospheric climate model (RCM) with a resolution of 12.5 km, generated by the EURO-CORDEX ensemble and based on the latest scenarios defined by the Intergovernmental Panel on Climate Change (IPCC)^[@CR42]^. We used the RCP8.5 emission 'worst case business as usual' scenario corresponding to a high increasing greenhouse gas emissions pathway, not including specific climate mitigation targets^[@CR54]^. We chose this scenario because observed climatic changes correspond to those predicted by the RCP8.5 scenario^[@CR12],[@CR55]^. Absolute daily values for temperature and precipitation in 2040--8989 for all municipalities were calculated by comparing the EUR-11 projections to the municipal average from 2000 to 2015. From these, the weekly average temperature, precipitation, number of heat waves and number of heavy precipitation events at municipality level were calculated and finally aggregated to ten-year averages at a weekly basis.

Data were explored using descriptive statistics. We modelled the relationship between *Campylobacter* cases and climate using three approaches: standard Poisson regression, zero-inflated Poisson regression and standard Poisson regression omitting all observations with zero *Campylobacter* cases. These approaches were chosen to identify which model best fitted the observed data, considering the large amount of zero counts in the data. Time-lags were investigated to identify the optimal interval between when a *Campylobacter* case was reported and when the climate variables were measured. The models were constructed using a backwards stepwise multivariate approach where the full model containing all explanatory variables was run and the least significant variables removed one by one until only significant variables remained. The final model was adjusted for the effect of week (season), year (changing notification rates) and municipality (geographical variation) and for interaction between the climate variables. Separate models were constructed for the winter (October--March) and summer (April--September) periods to account for the effect of precipitation and temperatures varying throughout the year. Model predictive fits were evaluated using the 10% of data records omitted from the analysis. The models and underlying assumptions are described in detail in the Supplementary Methods.

The best fit final models were applied to the baseline climate data and the EUR-11 climate change scenario data, resulting in the estimated number of average cases per municipality per week for 2000--2015 and in ten-year intervals from 2040 to 2089. We compared the weekly predicted number of cases per municipality for the baseline of 2000--2015 to the observed number in order to estimate the predictive accuracy (in percent) of the models. We converted the future predicted number of *Campylobacter* cases per municipality or region to future incidences per region/municipality using projected population sizes obtained from the National Statistical Offices in each country.

The excess number of *Campylobacter* cases, caused by climate change alone (i.e. adjusted for 'natural variation'), was calculated firstly by estimating the expected monthly and annual average number of cases per municipality for 2040--2089 (natural variation) using the average proportional change in the number of cases for each municipality from year to year during the baseline 2000--2015, assuming similar variability for the years 2040--2089. In order to calculate excess cases, we then subtracted these from the number of cases predicted from the initial climate change scenario modelling.

Data were analysed using the STATA software 14.0 (Statacorp., Lakeway, TX, USA) and GIS analyses undertaken using QGIS 2.14.11. (QuantumGIS, Open Source Geospatial Federation Project, <https://www.qgis.org>).
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